Purpose: Compare performance of normalized reflectance index (NRI) and retinal nerve fiber layer thickness (RNFLT) parameters determined from optical coherence tomography (OCT) images for glaucoma and glaucoma suspect diagnosis.
G laucoma is a progressive disease characterized by loss of retinal ganglion cells and their axons in the retinal nerve fiber layer (RNFL). Multiple clinical approaches are employed for glaucoma diagnosis, including morphologic assessment of the optic nerve and visual field testing. Optic nerve imaging devices such as GDx VCC (Carl Zeiss Meditec Inc., Dublin, CA), Heidelberg Retinal Tomography (Heidelberg Engineering, GmbH, Dossenheim, Germany), and Optical Coherence Tomography (OCT) (eg, RTVue, Optovue Inc., Fremont, CA) are widely used to assist in glaucoma diagnosis and monitoring. Early detection of glaucoma or disease progression is important because effective treatments are available to preserve visual function.
Optical coherence tomography (OCT) is a noninvasive imaging method that provides high-resolution quantitative morphologic information about the RNFL and optic nerve. A recent study reports a sensitivity of 85% and specificity of 94% for distinguishing between glaucoma and control eyes using retinal nerve fiber layer thickness (RNFLT) measured by the Cirrus OCT instrument. 1 Wu et al 2 reports that statistical RNFLT parameters for evaluating the diagnostic performance of the Spectralis OCT system (Heidelberg Engineering) are good for diagnosing early perimetric glaucoma [area under the receiver operating characteristic curve (AUC) = 0.895] and excellent for moderately advanced glaucoma (AUC = 0.952). Polarization-sensitive optical coherence tomography (PS-OCT) has emerged as a candidate technique for glaucoma diagnosis. PS-OCT provides both depth-resolved morphologic images, RNFLT and RNFL birefringence (Dn). 3 Studies using OCT to distinguish glaucoma-suspect versus control eyes are inconclusive. Some studies using OCT did not find significant RNFLT differences between control and ocular hypertensive or glaucomasuspect eyes. 4, 5 Other studies using OCT reported promising results for using changes in RNFLT to detect early structural damage in glaucoma-suspect eyes. [6] [7] [8] Determining the RNFL properties that best distinguish between control and glaucoma-suspect eyes requires further study.
In a longitudinal glaucoma study involving nonhuman primates using OCT, a RNFL reflectance parameter, reflectivity index (RI) was introduced for distinguishing between early-onset glaucomatous versus control eyes. 9 Study results suggest that RNFL reflectance (RI) might be an earlier indicator of glaucoma onset than RNFLT, phase retardation, or birefringence (Dn). 9 A recent human study suggested that a RNFL reflectance parameter can be used for glaucoma assessment. 10 We report results of a cross-sectional study on human eyes using a normalized RNFL reflectance index (NRI), which is RIÂ RNFLT. Performance of RNFLT and NRI, are compared for distinguishing glaucomatous versus control eyes and glaucoma-suspect versus control eyes.
METHODS

Subjects and Study Protocol
Two study groups are presented. The first group consisted of 34 eyes (13 control, 9 glaucomatous, and 12 glaucoma-suspect) from 33 human subjects enrolled at the Eye Institute of Austin (EIA). The first study group was imaged with a custom PS-OCT system (PS-OCT-EIA) and a commercial OCT system (RTVue). The second group consisted of 41 eyes (20 control, 15 glaucomatous, and 6 glaucomasuspect) from 38 human subjects enrolled at the Duke Eye Center (DEC). The second group was imaged with a second custom PS-OCT system (PS-OCT-DEC). Both studies were designed to evaluate RNFL birefringence, RNFLT, RI, and NRI for glaucoma diagnostics. We report only the RNFLT and NRI as birefringence and RI were found to be less useful for detecting glaucoma (Supplementary Tables e 4 to  7 , http://links.lww.com/IJG/A32). Both eyes of each study participant were imaged. For each subject with the same diagnosis for both eyes (eg, glaucomatous), the eye providing the best quality images was selected for further analysis. For data recorded with PS-OCT instruments, 3 imaging measurements were recorded from each eye. The image with least number of unprocessable clusters (eg, Ascans affected by eye blinking or cases when the RNFL is outside the effective imaging depth) was selected and processed. For RTVue OCT, the eye with highest scan score index was selected. For glaucoma patients with 1 glaucomatous eye and 1 glaucoma-suspect eye, both eyes were included in the data analysis as the study does not directly compare glaucomatous versus glaucoma-suspect eyes. Mean-age and SD together with sex distribution, mean, and SD of visual field mean deviation and visual field pattern SD are indicated in Table 1 .
Eligibility to participate in the study was on the basis of medical and ocular history and a comprehensive eye Tables 2 and 3 . Using the definitions in Table 3 , each eye was classified as normal, glaucoma, or glaucoma-suspect by a glaucoma expert at either EIA or DEC. The 2 studies are considered separately because the expert classification and the instrumentation were different at the 2 study sites.
This study was approved by the Institutional Review Boards at The University of Texas at Austin and at Duke University Medical Center (NCT #01222065).
Instrumentation
Two custom-built PS-OCT instruments (PS-OCT-EIA and PS-OCT-DEC) and 1 commercial OCT instrument (RTVue OCT) were employed for retinal imaging (see Supplementary eTable 1, http://links.lww.com/IJG/A32). PS-OCT-DEC:
r in = 0.75 mm r out = 2.5 mm N a = 36000 (100 A-scan/cluster Â 36 clusters/ring Â10 rings)
OD:
RTVue OCT: The basic design of the 2 custom OCT systems operating at 1060 nm was described previously. 3 The RTVue uses a superluminescent diode light source with a center wavelength of 840 nm.
RNFLT and NRI Calculation
For PS-OCT-EIA and PS-OCT-DEC, RNFLT(r,y) in mm was calculated by a custom Labview software program (National Instruments, Austin, TX) to automatically detect The normalized RNFL reflectance index (NRI) is defined as the ratio of the integrated OCT RNFL intensities (I RNFL ) to the average OCT intensity of a thin layer centered on the RPE. NRI is the intensity of back-reflected light summed over the RNFL normalized by the intensity of back-reflected light measured over the RPE. The RI reported in the primate study is NRI/RNFLT. Advantages of NRI over RI are: (1) the measure is unitless, whereas the RI has units of inverse length; (2) NRI is somewhat less prone to error as the pixel intensities in the RNFL are simply summed, whereas in computing RI, errors in RNFLT can be introduced; (3) because NRI is a measure of the composite RNFL reflectivity, this measure is sensitive to reductions in either thickness or reflectivity.
For OCT data, we define NRI(r,y) for 1 cluster at radius r and azimuth angle y as 
corresponding to the summed OCT signal intensity I RNFL i in the RNFL in 1 cluster, where N c is number of pixels in cluster c located at r and y.Average OCT signal intensity within a thin layer about the RPE is calculated as
where N a is the number of pixels in the band containing the RPE in 1 B-scan, I RPEa is the OCT signal in this band, N b is the number of B-scans in each image collection, and N RPE is the number of pixels (7 pixels or 33 mm) in the band containing the RPE in 1 B-scan. As the RTVue OCT does not record clustered data, we define NRI(r,y) for 1 A-scan at radius r and azimuth angle y as NRI r; y ð Þ¼
where N i is the number of pixels in the RNFL in 1 A-scan, I RNFL i is the image intensity value in the RNFL and
is the average OCT image intensity in the RPE averaged over all B-scans in 1 image collection, where a is the number of pixels in the band containing the RPE in 1 B-scan, I RPEa is the image intensity in this band, N b is the number of B-scans in each image collection, and N RPE is the number of pixels (7 pixels or 70 mm) in the band containing the RPE. For 1 imaging session, we calculate NRI for A-scans in 1 retinal scan and then construct an NRI map for that scan. For both EIA and DEC OCT systems, 7 RNFL locations were analyzed: all-rings, inner 5 rings, outer 5 rings, temporal (T), superior (S), nasal (N), and inferior (I) quadrants (Fig. 1) . For the RTVue OCT system, seven RNFL locations were analyzed: all-rings, inner 7 rings, The equations used to calculate RNFLT and NRI in the 7 RNFL locations are given in Table 4 .
Statistical Analysis
The AUC was used to compare the performance of RNFLT and NRI for distinguishing between glaucoma and control subjects as well as between glaucoma-suspect and control subjects. Differences between areas under receiver operating characteristic (ROC) curves were compared using a nonparametric method based on bootstrap sampling (n = 2000 resamples). We used the pROC package 13 in the R statistical programming language (v2.15.10; http:// www.R-project.org/, R Development Core Team, 2012, R Foundation for Statistical Computing, Vienna, Austria) and R studio (v0.94, RStudio Inc.) for the ROC analysis. PASS 11 software (NCSS, Kaysville, UT 84037) was used for statistical power and sample size calculations. Twosample t test with equal variance was used for comparisons of the means of NRI and RNFLT of the glaucomatous, glaucoma-suspect, and control groups.
RESULTS
We calculated the average NRI and RNFLT in 7 RNFL locations. Pairwise comparisons among average NRI and RNFLT in different RNFL locations for distinguishing between glaucomatous and control eyes as well as between glaucoma-suspect and control eyes were made in terms of the AUC. The average and SD of NRI and RNFLT measured by PS-OCT-EIA, PS-OCT-DEC, and RTVue OCT in 7 RNFL locations of glaucomatous, glaucoma-suspect, and control groups are shown in Tables 5 and 6 . For all 3 OCT instruments, NRIs of the control group are significantly larger than those of the glaucomatous group in all RNFL locations (P-value shown in Table 6 ). NRIs of the control group are significantly larger than those of the glaucoma-suspect group in most RNFL locations (P-value in Table 6 ).
Glaucomatous Versus Control Eyes
We identified the RNFL location that provided the largest AUC for each RNFL property for all 3 OCT instruments (values superscripted with "*" in Tables 7 to 9 ; ROC curves shown in Fig. 2 ). For the PS-OCT-EIA data set, the all-rings average of NRI (NRI ALL ) and the inner-FIGURE 2. Receiver operating characteristics (ROCs) of all-rings average of NRI (NRI ALL ) and inner-rings average of RNFLT (RNFLT INNER ) for distinguishing glaucomatous versus control eyes for polarization-sensitive optical coherence tomography PS-OCT-EIA data set (left). ROCs of NRI OUTER and RNFLT OUTER for distinguishing glaucomatous versus control eyes for PS-OCT-DEC data set (middle). ROC curves of NRI ALL and RNFLT ALL for distinguishing glaucomatous versus control eyes for RTVue OCT data set (right). The results for data collected by the PS-OCT-DEC system are similar to that collected by the PS-OCT-EIA system ( Table 8 ). The AUCs of RNFLT OUTER and NRI OUTER were not statistically significantly different (P = 0.338) at distinguishing between glaucomatous and control eyes.
The RTVue OCT data set was analyzed to investigate if the parameters for glaucoma diagnosis might vary for different OCT systems. For distinguishing control and glaucomatous eyes, the all-rings average of NRI (NRI ALL ) and RNFLT ALL provided the largest AUCs among all RNFL locations of NRI and RNFLT (superscripted with "*" in Table 9 ). A statistically significant difference between the AUC of NRI ALL and that of RNFLT ALL for distinguishing glaucomatous and control eyes (P = 0.877) was not observed. For the RTVue data set, NRI ALL and RNFLT ALL had similar performance for the task of distinguishing glaucomatous versus control eyes. Thus, the results derived from the RTVue OCT data set were consistent with those obtained from the other OCT data sets.
Glaucoma-Suspect Versus Control Eyes
We also selected the RNFL location that provided the largest AUC value for each RNFL property (values superscripted with "*" in Tables 10 to 12 , ROC curves in Fig. 3 ). For distinguishing glaucoma-suspect versus control eyes, NRI INNER and RNFLT S exhibited the largest AUCs for the PS-OCT-EIA data set. The comparisons between full AUCs of NRI INNER and RNFLT S did not show any statistically significant difference (P = 0.101).
For the PS-OCT-DEC data set, NRI ALL and RNFLT I had the largest AUCs for distinguishing glaucoma-suspect versus control eyes The AUCs of NRI ALL and RNFLT I did not show any statistically significant difference (P = 0.227).
For RTVue OCT data set, the inferior RNFL location gave the largest AUC for both NRI (NRI I ) and RNFLT (RNFLT I ) for distinguishing glaucoma-suspect from control eyes. The AUC of NRI I was significantly larger than that of RNFLT I (P = 0.008). Thus, NRI I performs significantly better than RNFLT I at distinguishing glaucomasuspect versus control eyes with the RTVue instrument.
DISCUSSION
In this human clinical study, a new OCT measured RNFL parameter, NRI, is introduced for glaucoma diagnosis. The diagnostic potential of NRI and RNFLT measured in 7 RNFL locations (all-rings, inner-rings, outer-rings, and temporal superior nasal and inferior quadrants) is assessed to distinguish glaucomatous versus control eyes as well as glaucoma-suspect versus control eyes using data recorded by 2 custom-built PS-OCT systems and a commercial OCT system.
As NRI can be computed similarly for all 3 OCT systems used in this study, measurement of NRI does not require introduction of new instrumentation or hardware modifications of existing systems. Computation of NRI requires only a software addition. Regardless of which OCT system was used to record retinal data, AUCs of NRI were always larger than those of RNFLT for distinguishing glaucoma-suspect versus control eyes. The larger AUCs for NRI compared with RNFLT may be because both RNFL reflectance (RI) and RNFLT decrease with glaucoma. NRI is a unitless hybrid parameter that may also be less sensitive to RNFL boundary detection errors than either reflectance or FIGURE 3. Receiver operating characteristics (ROCs) of all-rings average of NRI (NRI INNER ) and RNFLT S for distinguishing glaucomasuspect versus control eyes from polarization-sensitive optical coherence tomography PS-OCT-EIA data (left). ROCs of NRI ALL and RNFLT I for distinguishing glaucoma-suspect versus control eyes from PS-OCT-DEC data (middle). ROC curves of NRI I and RNFLT I for distinguishing glaucoma-suspect versus control eyes for the RTVue OCT data set (right). RNFLT alone. RI as calculated in the primate study 9 does not improve glaucoma detection in this clinical study (see Supplementary eTables 4 to 7, http://links.lww.com/IJG/ A32). Results of this pilot clinical study suggest the need for a larger clinical study to validate the diagnostic power of NRI for identifying glaucoma at the preperimetric stage.
The average age of control subjects is significantly less than that of both the glaucoma and glaucoma-suspect groups as tested by 2-sample t test for 2 independent samples with equal variance in data sets from the EIA and DEC (Table 1) . Therefore, RNFLT and NRI measurements might be biased by age difference in different groups as RNFLT decreases as age increases. [14] [15] [16] [17] The relationship between NRI and age is unknown. However, the Pearson correlation coefficient was evaluated between NRI measured by both custom OCT and RTVue OCT and age in the control, glaucoma, and glaucoma-suspect groups, respectively, and no statistically significant correlations were observed (P > 0.5 for all groups as shown in Supplementary eTable 2, http://links.lww.com/IJG/ A32). From eTable 3 Supplemental Digital Content 1, http:// links.lww.com/IJG/A32, we observe no statistically significant correlations between RNFLT, measured by either of the PS-OCT instruments or RTVue OCT, and patient age in control, glaucoma, and glaucoma-suspect groups in our study. However, the finding that neither NRI nor RNFLT is statistically significant correlated with age may be because of the small sample size in our study. For example, for the control group in DEC, with the current sample size of 20 patients (which is the largest in our study) we achieve only an 11% power to detect a difference between a correlation of 0 and the observed correlation of À0.167 with a significance level of 0.05. NRI as defined here is different than an RNFL reflectance parameter introduced in a previous study involving non-human primates. 9 Because NRI includes both RNFLT and reflectance, NRI can be considered as a combination feature of RNFLT and reflectance. Candidate cellular mechanisms that motivate why RNFL reflectance can be used as an early indicator of glaucoma were discussed previously. 9 The observed decrease in RNFL reflectance might be because of reduced collected backscatter due to intensified mitochondrial fission in early glaucoma resulting in increased large-angle scattering. 9 In conclusion, a new parameter, NRI is introduced that may outperform RNFLT for distinguishing between glaucoma-suspect and control eyes. Results of this pilot clinical study suggest that NRI derived from OCT retinal images is a promising measure to detect preperimetric glaucoma.
